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Chapter 1 
 
Introduction 
 
Abstract. Understanding cellular reaction and response to the external 
environment is a central aspect in tissue engineering and biomedical science. 
A growing number of works is emphasizing the high sensitivity that cells 
display towards the chemical and physical features of the substrate which 
they are connected to. In particular, substrates of defined topographies have 
emerged as powerful tools in the investigation of these mechanisms. The 
limitation of many of the proposed substrates is their static form that does not 
allow to induce a programmed change during cell culture. This physical stasis 
has limited the potential of topographic substrates to control cells in culture. 
In this thesis a study on dynamic and reversible platforms is reported, aiming 
to investigate cell behavior in a more bio−mimetic way and to overcome the 
limit of static systems. In the first part of the introduction the main aspects 
involved in cell−material interaction are discussed. The second part is mainly 
focused on azopolymers, which have been used as dynamic platforms in cell 
culture to study cell adhesion and mechanics. 
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1.1 Tissue Engineering 
Tissue engineering refers to the practice of combining scaffolds, cells 
and biologically active molecules into functional tissues. The goal of 
tissue engineering is to assemble functional constructs that restore, 
maintain, or improve damaged tissues or whole organs.1,2 The ability 
of an engineered biomaterial to approximate the structural and 
mechanical aspects of the cellular microenvironment is an important 
factor in determining the success or failure of engineered devices for 
tissue repair or replacement. Biological tissues basically consist of 
cells, signaling systems and extracellular matrix (ECM).3 The cells are 
the core of the tissue, however, in the absence of signaling systems 
and/or of the ECM cannot explicate their functions. In fact, cells are 
the building blocks of tissue, and tissues are the basic unit of function 
in the body. Generally, groups of cells make and secrete their own 
supporting structures, that is the extracellular matrix.4 This matrix, or 
scaffold, does more than just support the cells; it also acts as a relay 
station for various signaling molecules. Thus, cells receive messages 
from many sources that become available from the local environment. 
Each signal can elicit a cascade of responses that determine what 
happens to the cell. By understanding how cells respond to signals, 
interact with their environment and organize into tissues and 
organisms, many researchers were able to manipulate these processes 
to mend damaged tissues or even create new ones. When engineering 
and designing a new biomaterial, one of the most important aspect that 
have to be largely considered is the interaction between cells and 
material surface, namely cell−material interaction. 
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1.2 Cell−Material Interaction 
Cell−material interaction occurs through a combination of biochemical 
and biophysical signals, including interfacial presentation of 
molecular, topographic and mechanical cues. Indeed, both biochemical 
and biophysical features of the biomaterial have been reported to affect 
and influence cell functions by triggering specific molecular events at 
the cell−material interface. Cellular activities that are mostly 
influenced by material properties are adhesion, spreading, migration, 
proliferation and differentiation.5 Cell adhesion and migration are 
highly complex and multistep processes, which share many common 
features. They both involve several compartments of the cell, including 
surface receptors, signaling elements and the cytoskeleton, which is a 
cellular structure mainly responsible for dictating cell shape and tissue 
elasticity (Figure 1.1).6 Both processes involve actin filaments. These 
are components of the cytoskeleton, a composite filamentous structure 
that influences cell shape and cell contractility on the cellular scale. 
Actin filaments are distributed throughout the cell and give the 
appearance of a gel network. Some molecular motors, such as Myosin 
II, can contribute as active cross−linkers. Energetically driven changes 
of conformation of the molecular motors make actin polymer chains 
slide respective to the others.  
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polymerization. Both actin polymerization and acto−myosin 
contractile machinery generate forces that affect mechanosensitive 
proteins in the actin linking module, the receptor module (e.g. 
integrins), the signaling module and the actin polymerization module. 
The combined activity of the mechanosensitive components forms the 
mechanoresponsive network. 
 
1.2.1 Cell−Topography Crosstalk 
In in−vivo contexts, extracellular environment represents a set of 
topographic signals, perceived by cells at different length scale. Fibrils 
and fiber bundles (collagen and fibrin), rough surfaces (crystal deposit 
in bone) and porous membranes (basement membranes) represent 
examples of natural topographies. These topographical signals play a 
relevant role in cell−material interaction through direct alteration in 
several cellular processes.10 Recent advancements in micro− and 
nano−fabrication technologies made it possible to imprint on substrate 
surfaces topographic features favoring the study of the role of 
topography in cell–material interaction. Soft lithography,11,12 electron 
beam lithography13 and nano−imprint lithography14 can emboss 
topographic patterns with a tightly controlled spatial resolution (of a 
few nanometers). Cells interact with native topographical structures in 
many ways, often through a phenomenon known as contact guidance. 
Contact guidance is a leading example of a naturally occurring 
phenomenon that is characterized by the response of cells to structures 
on the micron and sub−micron scale.15 Cell−nanotopography 
interactions can induce different effects within a single cell type due to 
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to be influenced by nano−topography imprinted on 
polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA), 
as reported in Figure 1.5.19 Therefore, in all these examples cell 
behavior on nanotopography was similar even if cell type was 
different. 
 
Figure 1.4. Scanning electron micrograph, showing a rat dermal fibroblast on 
a 10 m wide−grooved polystyrene substrate.15  
 
Figure 1.5. Confocal micrographs of actin stained smooth muscle cells on 
(A) nano−imprinted PMMA at low cell density, (B) nano−imprinted PMMA 
at high cell density, (C) nanopatterned PDMS at low cell density, (D) 
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nano−patterned PDMS at high cell density, (E) non−patterned PMMA and 
(F) glass cover slip. Scale bar are 50 ȝm for all except (B) scale bar is100 
ȝm.19 
 
1.2.2 Dynamic Topographic Signals 
Several techniques have been proposed to encode micro− and 
nano−topographies on material surfaces, in order to investigate many 
processes involved in cell−material interaction. Despite possessing a 
very high spatial resolution, these techniques require expensive 
equipments and are time consuming. Additionally, once produced, the 
geometric features of the master or substrate cannot be readily 
modified a posteriori since they are intrinsically static in nature. In 
order to overcome the limits of a physically static system and to 
develop more versatile platforms, large interest has recently arisen in 
using stimuli−responsive materials as dynamic supports to investigate 
cell response. For example, Davis et al.20 have proposed a 
thermo−responsive cell culture system, used to control cell behavior 
via surface shape memory polymers (Figure 1.6).  
 
Figure 1.6. Active cell culture substrate transitions from a grooved 
topography to a flat surface.20  
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In details, by taking advantage of a polymer with a glass transition 
temperature of 37°C, the temporary patterned shape could be switched 
in the flat stable form during cell culture. Among all the 
stimuli−responsive materials, this thesis focuses on photo−switchable 
polymers, aiming to control the topographic surface with light as 
external stimulus in a precise way. Azopolymers were selected as the 
best candidate, aiming to realize dynamic supports for studying cell 
adhesion and mechanics (see paragraph 1.3 for more details). 
 
1.2.3 Cell Mechanics 
Physical cues like surface topography, surface mechanics, or external 
forces play a fundamental role in a wide range of biological processes. 
One of the most prominent properties reflecting cell response to the 
environment is cell mechanics. Using cell mechanics in diverse 
bioengineering and clinical areas is a continuously growing field. In 
fact, in the last years, cell mechanics investigation has proven to be a 
promising tool for clinical and medical applications, such as cancer 
diagnostics21−23 or tissue engineering, where cell mechanical properties 
can be quantitative markers, monitoring the regulation of cell 
differentiation.24−26 Cell mechanics can be evaluated with several 
methods, such as micropipette aspiration,27 optical tweezers,28 
magnetic twisting cytometry29 and atomic force microscopy (AFM).30 
Among these, AFM is the most widely used technique for adherent 
cells, allowing both imaging and mechanical properties quantification 
of heterogeneous living samples, such as cells. Since its invention, 
almost 30 years ago,31 the AFM has become an important tool for 
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studying surface and mechanical properties very first of hard samples, 
but soon its potential for soft and biological samples was 
discovered.32−34 By obtaining force−distance AFM curves (Figure 1.7), 
cell elastic properties can be measured in terms of elastic or Young’s 
modulus.30,35 
 
 
Figure 1.7. The top panel shows the motion of AFM cantilever driven by the 
piezo scanner. The vertical location of cantilever z and the cantilever 
deflection signal d is recorded during the process. The cantilever starts from 
point a, a few micrometers above the cell. While approaching the cell, the 
sample indentation δ remains zero until it reaches point b, where the tip 
comes into contact with the cell. The coordinates of point b in the plot are 
critical values for data analysis, denoted by (z0, d0). From b to c, the 
cantilever indents into the cell until the cantilever deflection reaches a set 
point, which is set to be the ratio between the targeted maximum indenting 
force and the cantilever spring constant. Once the deflection signal reaches 
the preset maximum value, the cantilever is then withdrawn from the cell to 
point d, where it often be pulled downwards due to tip−sample adhesion, 
detaches from the cell and returns to its initial location at e. The right panel 
illustrates the relationship between the indentation and the recorded z and d 
signal. The lower left panel is a plot of a representative force curve.35 
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In order to understand the interaction between ECM signals and cell 
mechanics, several studies have been performed. For example it has 
been shown that cell spreading and stiffness directly depend on 
mechanical properties of the underlying materials.36,37 In this thesis the 
effect of mechanical and topographic signals on cell mechanics was 
investigated (See "Appendix: Influence of Material Stiffness on Cell 
Mechanics" and Chapter 3, for cell mechanics investigation on 
different topographic patterns). 
 
1.3 Azopolymers 
The study presented here is based on the use of azopolymers as 
dynamic and light−switchable supports for cell culture.  
Azopolymers consist of polymers functionalized with azobenzene 
molecules. Owing to the intrinsic properties of azobenzene moieties, 
azopolymers belong to a class of light−responsive materials. In fact, 
the photoisomerization reaction of azobenzene molecules can induce 
reversible material motions at molecular, mesoscopic, and even 
macroscopic length scales. Amorphous azopolymer films can form 
stable surface relief patterns upon exposure to interfering light. This 
allows obtaining periodic micro− and nano−structures in a remarkably 
simple way.  
Following it is reported a description of azobenzene chromophores, 
their motions at different scales, surface relief grating fabrication and 
application of azopolymers for biological applications. 
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1.3.1 Azobenzene Cromophores 
Azobenzene is an aromatic molecule formed by an azo linkage 
(NN) connecting two phenyl rings. Originally, azobenzenes were 
used as dyes and colorants, due to their powerful colors.38 At a later 
stage, their amazing properties were discovered and exploited in many 
field. The most fascinating characteristic of the azobenzenes is their 
reversible photoisomerization. Azobenzenes have two stable isomeric 
states: a thermally stable trans configuration and a metastable cis form 
(Figure 1.8). Remarkably, the azobenzene chromophore can 
interconvert between these isomers upon absorption of a photon. For 
most azobenzenes, the molecule can be optically isomerized from 
trans to cis with light and the molecule will subsequently thermally 
relax back to the trans state on a timescale dictated by the substitution 
pattern. This photochemistry is central to azobenzene potential use as a 
tool for nanopatterning.  
 
Figure 1.8. Azobenzene photoisomerization. The trans form (left) can be 
converted to the cis form (right) using an appropriate wavelength of light. A 
different wavelength will induce the molecule back conversion to 
the trans form. Alternately, the molecule will thermally relax to the 
stable trans form. 
 
trans-azobenzene cis-azobenzene
hv
hv’ or heat
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Azobenzenes can be separated into three spectroscopic classes: 
azobenzene−type, aminoazobenzene−type, and pseudo−stilbenes 
molecules (Figure 1.9).39  
The azobenzene−type molecules have a strong absorption in the UV, 
and a low−intensity band in the visible. The aminoazobenzenes and 
pseudo−stilbenes typically have strong overlapped absorptions in the 
visible region. The photoisomerization between trans (E) and cis (Z) 
isomers is completely reversible and free from side reactions, such that 
it is characterized as one of the cleanest photoreactions known.39 In the 
dark, most azobenzene molecules will be found in the trans form.  
 
Figure 1.9. Examples of azobenzene molecules. (A) Azobenzenes, (B) 
aminoazobenzenes and (C) pseudo−stilbenes. 
 
Upon absorption of a photon (with a wavelength in the trans 
absorption band), the azobenzene will convert, with high efficiency, 
into the cis isomer. A second wavelength of light (corresponding to the 
cis absorption band) can cause the back−conversion. These 
photoisomerizations usually have picosecond timescales.40 Alternately, 
A B C
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azobenzenes will thermally reconvert from the cis to trans state, with a 
timescale ranging from milliseconds to hours, depending on the 
substitution pattern and local environment. In some cases, bulky 
substituents can inhibit the cis → trans relaxation process, thereby 
allowing the cis state to persist for days.41  
 
1.3.2 Photoinduced Azobenzene Motions 
Irradiation with light produces molecular changes in azobenzenes, and 
under appropriate conditions, these changes can translate into larger 
scale motions and even modulation of material properties. Molecular 
motions, photo orientation and consequent birefringence and 
macroscopic motions are some of the molecule movements that occur 
under irradiation. The fundamental molecular photo−motion in 
azobenzenes is the geometrical change that occurs upon absorption of 
light. The geometrical changes in azobenzene are very large, by 
molecular standards, and it is thus no surprise that isomerization 
modifies a wide host of material properties. This molecular 
displacement generates a nanoscale force, which has been measured in 
single molecule force spectroscopy experiments.42 In these 
experiments, illumination causes contraction of an azobenzene 
polymer, showing that each chromophore can exert pN molecular 
forces on−demand. 
Additionally, orientation of azobenzene chromophores can be 
manipulated using polarized light (Figure 1.10). Azobenzenes 
preferentially absorb light polarized along their transition dipole axis 
(long axis of the azobenzene molecule). The probability of absorption 
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varies as cos2 , where  is the angle between the light polarization and 
the azobenzene dipole axis. Thus, azomolecules oriented along the 
polarization of the light will absorb, whereas those oriented against the 
light polarization will not. For a given initial angular distribution of 
chromophores, many will absorb, convert into the cis form, and then 
revert to the trans form with a new random direction. Those 
chromophores that fall perpendicular to the light polarization will no 
longer isomerize and reorient; hence, there is a net depletion of 
chromophores aligned with the light polarization, with a concomitant 
increase in the population of chromophores aligned perpendicular (i.e., 
orientation hole burning).  
 
Figure 1.10. Statistical photo−orientation of azobenzene molecules. (A) The 
molecules aligned along the polarization direction of the incident light 
absorb, isomerize, and re−orient. Those aligned perpendicular cannot absorb 
and remain fixed. (B) Irradiation of an isotropic samples leads to 
accumulation of chromophores in the perpendicular direction. Circularly 
polarized light restores isotropy. 
 
A
B
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This statistical reorientation is fast, and gives rise to strong 
birefringence (anisotropy in refractive index) and dichroism 
(anisotropy in absorption spectrum) due to the large anisotropy of the 
azo electronic system. Because unpolarized light can photo−orient 
(along the axis of illumination), even sunlight is suitable. 43 
 
1.3.3 Surface Relief Gratings  
Along the line of active cell culture substrates, holographic imprinting 
of surface relief gratings (SRGs) on azopolymer films is a promising 
approach for a straightforward fabrication of dynamic substrates. 
Large−scale surface mass displacement was observed by Natansohn 
and Kumar groups who irradiated azopolymer films with an 
interference pattern of light.44,45 Once the sinusoidal pattern of light is 
in contact with the polymer, it is able to induce the formation of SRGs, 
in the form of topographic arrays that trace out the light intensity 
profile. This phenomenon has been used to realize micro− and 
nano−grooved polymer films, suitable in many applications, such as 
optics and photonics.46,47 
In a typical experiment, two coherent laser beams, with a wavelength 
in the azobenzene absorption band, are intersected at the sample 
surface (Figure 1.11). The sample usually consists of a thin spin−cast 
film (10–1000 nm) of an amorphous azo−polymer on a transparent 
substrate. 
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Figure 1.11. Experimental setup for the inscription of a surface relief grating: 
S refers to the sample, M are mirrors, D is a detector for the diffraction of the 
probe beam, WP is a waveplate (or generally a combination of polarizing 
elements), and BS is a 50% beam splitter. (A) A simple one−beam inscription 
involves reflecting half of the incident beam off of a mirror adjacent to the 
sample. (B) A two−beam interference setup enables independent 
manipulation of the polarization state of the two incident beams. 
 
The sinusoidal light interference pattern at the sample surface leads to 
a sinusoidal surface patterning, i.e. SRG. The process occurs readily at 
room temperature (well below the Tg of the amorphous polymers used) 
with moderate irradiation (1–100 mW/cm2) over seconds to minutes. 
The phenomenon is a reversible mass transport, not irreversible 
material ablation, since a flat film with the original thickness is 
recovered upon heating above Tg. Upon irradiation with linearly 
polarized light of appropriate wavelength, the azobenzene molecules 
statistically reorient and accumulate to the direction perpendicular to 
the polarization plane (Figure 1.12). The resulting molecular alignment 
A
B
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1.3.4 Azopolymers for Biological Applications 
The phenomenon of SRG inscription on azopolymers has been used to 
realize micro− and nano−grooved polymer films, suitable in many 
applications, such as optics and photonics.46,47 Despite their 
extraordinary chemical/physical characteristics the number of studies 
on the use of azobenzene−based substrates for cell cultures is very 
limited. However some examples are reported here. For instance, Baac 
et al.55 used SRGs as cell supports for controlling cell growth, adhesion 
and orientation. They found that human astrocytes were highly 
oriented along the groove direction.  
Moreover, Rocha et al.56 studied the biocompatibility of azopolymers 
based polysiloxane coatings and investigated the stability of the 
substrates in aqueous environment.  
Barille et al.57 examined the imprinting capabilities of the azo−based 
photo−switchable materials both in dry and wet conditions and 
analyzed neuron response to the topographic signal. 
However, the possibility to exploit writing/erasing reversibility of 
azobenzene polymers in biological applications has not been addressed 
yet. This aspect has been investigated in this thesis. 
 
1.4 Aim and Outline of the Thesis 
The main aim of the thesis is to realize dynamic supports for cell 
culture in order to study and guide cell adhesion and mechanics in a 
non−static and biomimetic way. As a matter of fact, topography has 
shown to influence cell behavior in many processes, such as migration, 
orientation, differentiation, mechanics. Despite many techniques have 
Chapter 1 
29 
 
been proposed to realize micro− and nano−patterns on material 
surface, many of them are based on static substrates, which do not 
allow to change their shape once cells are seeded on them. In Nature, 
cells are subjected to continuous modifications of the local 
environment and are constantly changing their behavior accordingly. 
Therefore, in order to overcome the limits of a physically static system 
and to develop more versatile platforms, large interest has recently 
arisen in using stimuli−responsive materials as dynamic supports to 
investigate cell response.20,58  
Here light−switchable azopolymers are used to imprint several 
micro−topography optically. Owing to their intrinsic properties, 
azopolymers may be used as dynamic supports, writing and erasing 
topographic patterns on purpose.  
Following the outline of the thesis is reported with a brief description 
of each chapter. 
The first part of the thesis presents an introduction on the importance 
of cell−material interaction in tissue engineering, focusing on 
cell−topography crosstalk and mechanics. Furthermore, azopolymers 
are presented with a description of their properties and features. 
Studies on the use of azobenzene−based substrates for cell cultures is 
very limited and the possibility to exploit their reversibility in 
biological applications has not been addressed yet. This aspect has 
been investigated in this thesis. In Chapter 2 patterned azopolymer 
films are used as cell culture supports. In more details an holographic 
set−up is employed to encode diverse patterns, cell behavior is 
investigated in terms of adhesion and morphology. Reversibility of the 
imprinted structures is tested by using temperature or light as triggers. 
Chapter 1 
30 
 
In a first approach cell behavior is investigated a posteriori, that means 
after pattern manipulation. Thereafter, by using an incoherent and 
unpolarized light, implemented in a confocal microscopy, it is possible 
to apply an in situ topographic change. A montage of images shows 
cell viability after real−time pattern modification. In Chapter 3 
topographic patterns on azopolymers prove to influence cell 
mechanical properties, besides adhesion and orientation. In fact, cells 
are stiffer on patterned than on flat surfaces. A study on cell nuclei 
morphology and cytoskeleton assembly is reported in order to correlate 
cell elastic properties with cell shape and organization. In Chapter 4 a 
new technique to realize precise and complex patterns on azopolymers 
is presented, based on the use of confocal microscopy. These 
topographic patterns are suitable for replica−molding technique. 
Remarkably, this approach proved to be powerful in pattern 
manipulation in situ, while cells are seeded on the substrates. In fact, 
owing to the properties of the microscope, that means a 
thermo−chamber to control biological conditions and a highly spatial 
resolution given by the laser system, this approach may pave the way 
to biological study based on dynamic and controlled topographic 
patterns. Finally, in Conclusion and Future Prospects a summary 
about the main results achieved in this thesis is presented. This study 
give rise to the introduction of a new class of cell−instructive 
biomaterials in tissue engineering, synthetic materials upon which 
topographic signals can be presented on−demand hence investigating 
and unraveling many processes involved in cell−topography 
interaction. 
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Chapter 2 
 
Reversible Holographic Patterns on 
Azopolymers for Guiding Cell Adhesion 
and Orientation 
 
Abstract. Cell−topography interaction has proved to be a powerful tool in 
guiding cell fate and controlling important biological processes. Micro− and 
nano−patterned polymers have been largely employed in order to investigate 
cell mechanotransduction and contact guidance phenomena. Nevertheless 
among all the available materials, many of them did not allow changes in 
topography, once the desired shape was imprinted. This chapter  is based on a 
study of NIH−3T3 cells response to reversible topographic signals. 
Switchable patterns were realized on light responsive azopolymer films by 
using a conventional holographic set−up. Surface relief gratings (SRGs) were 
produced with Lloyd’s mirror system and erased with circular polarized or 
incoherent light. Firstly, cell cytoskeleton organization and focal adhesions 
morphology were studied. Thereafter, pattern reversibility was tested in air 
and wet environment by using temperature or light as triggers.  
 
 
 
 
Part of the work described in this Chapter has been submitted for publication: 
Rianna, C.; Calabuig, A.; Ventre, M.; Cavalli, S.; Pagliarulo, V.; Grilli, S.; 
Ferraro, P.; Netti, P. A. "Reversible holographic patterns on azopolymers for 
guiding cell adhesion and orientation". 
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2.1 Introduction 
Understanding cellular reaction and response to the external 
environment is a central aspect in diverse biomedical, bioengineering 
and clinical applications. A growing number of works is emphasizing 
the high sensitivity that cells display towards the chemical and 
physical features of the substrate to which they are connected. In 
particular, such features proved to affect different aspects of the cell 
behavior like attachment, spreading, differentiation and ultimately cell 
fate.1−6 Different types of signals displayed by the material substrate, 
such as biochemical, mechanical and topographical signals can 
influence cell behavior.7−10 In particular, topographic cues are known 
to exert a potent influence on cell fate and functions and many 
techniques were developed to fabricate micro− and nano−grooved 
materials in order to study contact guidance and mechanotransduction 
phenomena. The realization of substrates with topographic patterns 
usually relies on micro− and nano−fabrication techniques, chiefly soft 
lithography, electron beam or focused ion beam lithography. These 
techniques, despite possessing a very high spatial resolution, require 
expensive equipments and are time consuming, especially when large 
surfaces need to be processed. Additionally, once produced, the 
geometric features of the master or substrate cannot be readily 
modified a posteriori since the displayed topography is intrinsically 
static in nature. In order to overcome the limits of a physically static 
system and to develop more versatile platforms, large interest has 
recently arisen in using stimuli−responsive materials as dynamic 
supports to investigate cell response.11,12 Along this line, holographic 
imprinting of surface relief gratings (SRGs) on azopolymer films is a 
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promising approach for a straightforward fabrication of dynamic 
substrates. In fact, holographic patterns of linearly polarized light 
allow the realization of precise and spatially controlled gratings, while 
circularly polarized or incoherent light enables pattern erasure.13 
Large−scale surface mass displacement was observed by Rochon et 
al.14 and by Kim et al.15 who irradiated azopolymer films with an 
interference pattern of light. Once the sinusoidal pattern of light is in 
contact with the polymer, it is able to induce the formation of SRGs, in 
the form of topographic arrays that trace out the light intensity profile. 
This phenomenon has been used to realize micro− and nano−grooved 
polymer films, suitable in many applications, such as optics and 
photonics.16,17 Owing to their versatility and intrinsic properties, 
azo−based materials may have a great impact in unraveling the 
dynamics of cell adhesion events or in inducing specific adhesion 
related signaling. Indeed, few examples of SRG applications to cell 
cultures have been reported.18−20 However, studies related on dynamic 
pattern writing/erasing with living cells are lacking. Based on our 
previous experience on cell response to static micro− and nano−scale 
patterns,21−23 we explored the possibility of using light sensitive 
substrates in order to move toward the development of surfaces on 
which patterned signals can be manipulated dynamically. Therefore, 
we investigated the behavior of NIH−3T3 cells on a light sensitive 
azobenzene−based polymer. Surface production proved to be easy and 
fast and micron scale patterns were produced with conventional optical 
equipments. Polymer stability, reversibility and dynamic 
writing/erasing were investigated. Elongation, orientation and focal 
adhesion morphology of NIH−3T3 fibroblasts were studied on 
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different light induced micron−scale topographic patterns. Our data 
demonstrate that the process we propose is adequate for the production 
of material platforms to perform in vitro studies on reversible and 
adjustable topographic patterns. This can in principle allow to 
investigate cell−topography interactions and mechanotransduction in a 
dynamic environment.  
 
2.2 Materials and Methods 
Poly−Disperse Red 1−methacrylate (pDR1m), Triton X−100, 
TRITC−phalloidin and HEPES solution were supplied by Sigma. 
Circular cover glasses were purchased from Thermo Scientific. 
Chloroform and other solvents were purchased from Romil. 
Anti−vinculin monoclonal antibody was supplied by Chemicon (EMD 
Millipore), whereas Alexa Fluor 488 conjugated goat anti−mouse 
antibody and ToPro3 were purchased from Molecular Probes, Life 
Technologies.  
Circular cover glasses (12 mm diameter) were washed in acetone, 
sonicated for 15 min and then dried on a hot plate prior to the spin 
coating process. pDR1m was dissolved in chloroform at a 5% w/v 
concentration. The solution was spun over the cover glass by using a 
Laurell spin coater (Laurell Technologies Co.) at 1500 rpm. A Veeco 
Dektak 150 profilometer was used to monitor the polymer film 
thickness. Irregular coatings were discarded. 
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2.2.1 SRG Realization and Erasure 
Experiments of SRG realization and erasure with laser light were 
performed at the CNR−Istituto di Cibernetica "E. Caianiello" in 
Pozzuoli (Naples), under the supervision of Prof. Pietro Ferraro. 
A 442 nm He−Cd laser (power of about 60 mW) was used in a Lloyd’s 
mirror configuration in order to project an interference pattern of light 
on the azopolymer films, thus inducing mass migration and SRG 
formation. In more details, the azopolymer sample was glued to one of 
the mirror’s edge and the horizontally polarized laser beam was 
reflected on it, thus realizing an interference pattern of light. The 
pattern pitch was given by 2d=Ȝ·sin(), where Ȝ is the laser 
wavelength and  is the angle between the incident beam and the 
mirror. Varying the angle , patterns with different pitch could be 
easily prepared. Additionally, a beam from a He−Ne laser emitting at 
632 nm was used for a real−time control of the inscription process by 
monitoring the diffraction efficiency of the inscribed grating. SRG 
structures can be erased by subjecting them to either high temperatures 
or light.24 Temperature induced erasure was performed by means of a 
hot−plate that was used to heat patterned pDR1m films up to 130 °C, a 
temperature that is well above the glass transition temperature of the 
polymer (Tg ~ 85 °C). In the case of light induced erasure, two 
different strategies were pursued. First, a wave plate−retarder (WPR) 
was placed between the linear polarized beam (442 nm He−Cd laser) 
and the sample and acted as polarization filter, thus converting the 
linear polarized laser beam in a circular polarized one. Time exposure 
was 10 min. When performing pattern erasure in a wet environment, 
the circular polarized laser beam was reflected with a mirror on the top 
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of a fluid filled 35 mm diameter petri−dish. Three different fluid types 
were tested, namely water, phosphate buffered saline 10x (PBS) and 
Dulbecco’s Modified Eagle Medium (DMEM). Total fluid volume was 
1.5 ml and time exposure was 10 min. Second, incoherent light was 
employed to randomize the azomolecules and erase the SRG 
inscription. In details, patterned samples were positioned in a 
petri−dish filled with aqueous solutions and irradiated from the bottom 
part by using a mercury lamp (15 mW intensity) with a 488 nm filter 
of a TCS SP5 confocal microscope (Leica Microsystems). Time 
exposure was 2 min. Substrates were mainly characterized by AFM. In 
particular, a JPK NanoWizard II (JPK Instruments), mounted on the 
stage of an Axio Observer Z1 microscope (Zeiss), was used to 
characterize the azopolymer films in terms of surface topography and 
pattern features (depth and pitch). Silicon Nitride tips (MSCT, Bruker) 
with a spring constant of 0.01 N/m were used in contact mode, in air at 
room temperature. The open source software Fiji25 was used to 
measure both pattern height and pattern pitch with the 2D Fast Fourier 
Transform function.  
 
2.2.2 Cell Culture and Immunofluorescence  
NIH−3T3 fibroblasts were cultured in low glucose DMEM and 
incubated at 37°C in a humidified atmosphere of 95% air and 5% CO2. 
Prior to cell seeding, pDR1m substrates were sterilized under UV light 
for 30 min. In principle, the UV irradiation does not interfere with 
pDR1m conformation, since the maximum absorption band of the 
azobenzene polymer is 483 nm (Figure 2.1). 
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Figure 2.1. UV−Vis absorption spectrum of pDR1m. Maximum absorption 
wavelength at 483 nm. Analysis was performed by using Cary 100 UV−Vis 
spectrometer. 
 
After 24 h cells were fixed with 4% paraformaldehyde for 20 min and 
then permeabilized with 0.1% Triton X−100 in PBS for 3 min. Actin 
filaments were stained with TRITC−phalloidin. Samples were 
incubated for 30 min at room temperature in the phalloidin solution 
(dilution 1:200). Focal adhesions (FAs) were stained with vinculin. 
Briefly, cells were incubated in an anti−vinculin monoclonal antibody 
solution (dilution 1:200) for 2 h and then marked with Alexa Fluor 488 
conjugated goat anti−mouse antibody (dilution 1:1000) for 30 min at 
20°C. Finally, cells were incubated for 15 min at 37°C in ToPro3 
solution (dilution 5:1000) to stain cells nuclei. A TCS SP5 confocal 
microscope (Leica Microsystems) was used to collect fluorescent 
images of cells on flat and patterned pDR1m films. The laser lines 
used were 488 nm (vinculin), 543 nm (actin) and 633 nm (nuclei). 
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Emissions were collected in the 500−530 nm, 560−610 nm and 
650−750 nm ranges, respectively. Cell and FA morphometry 
measurements were performed by using Fiji software. The procedure 
has been previously described by Ventre et al.23 
Briefly, cell elongation was assessed from phalloidin stained cells that 
were analyzed with the MomentMacroJ v. 1.3 script 
(hopkinsmedicine.org/fae/mmacro.htm). We evaluated the principal 
moments of inertia (i.e. maximum and minimum) and we defined a cell 
elongation index as the ratio of the principal moments (Imax/Imin). 
Cell orientation was defined as the angle that the principal axis of 
inertia formed with a reference axis, i.e. the pattern direction in the 
case of SRGs or the horizontal axis for flat surfaces. Morphometric 
analysis of FAs was performed as follows. Digital images of FAs were 
first processed using a 15 pixel wide Gaussian blur filter. Then, blurred 
images were subtracted from the original images using the image 
calculator command. The images were further processed with the 
threshold command to obtain binarized images. Pixel noise was erased 
using the erode command and then particle analysis was performed in 
order to extract the morphometric descriptors. Only FAs whose length 
was above 1 m were included in the statistical analysis. 
 
2.3 Results and Discussion 
Azobenzene based polymers undergo to conformational changes when 
irradiated by light. More specifically, under irradiation with a proper 
wavelength, the continuous trans−cis−trans photo−isomerization of 
azobenzene molecules, together with their change in geometrical 
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disposition and polarity, results in a locally preferred orientation of the 
azobenzene groups, which direct perpendicular to the incident 
electrical field. As a result, polymer mass migration occurs, thus 
inducing a pattern inscription on the material surface. Many models 
have been proposed so far, aiming at elucidating the mechanism of 
light induced mass transport and consequent pattern formation. Among 
these, thermal model,26 pressure gradient force model,27 mean−field 
model,28 optical−field gradient force model29,30 and athermal 
photofluidisation31 have been developed and presented in the last 
decades. However, a general consensus on the physics that governs 
SRG formation has not been achieved yet. In this work we used SRGs 
as cell culture substrates. Topographic patterns were inscribed and 
erased on pDR1m films by using an interference pattern of light and 
circularly polarized or incoherent beam respectively. Owing to the 
photo−reversibility of the azopolymer surface structures, a study of 
NIH−3T3 cell response to the dynamic topographic changes of SRGs 
was performed. Lloyd’s mirror is a well consolidated set−up that we 
employed to realize gratings on 700 nm thick pDR1m layers (Figure 
2.2A). In details, a linear polarized light reflecting on a mirror resulted 
in a holographic pattern of light, which was able to inscribe a parallel 
grating on the interfering azopolymer film surface (Figure 2.2B). By 
performing a second inscription after rotating the sample by 90°, a 
two−dimensional (2D) SRG was realized (Figure 2.2C).  
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Figure 2.2. 3D AF  images of (A) flat spin coated pDR1m, (B) 2.5 ȝm 
pitch pattern realized with an interference pattern of light and (C) 2D grating 
obtained by two−step illumination, the second grating was inscribed after 
rotating the sample by 90°. 
 
Patterns with different pitch were prepared by varying the angle 
between the laser beam and the mirror. Our study was based on linear 
patterns with nominal pitch of 2.5 and 5.5 ȝm and two−dimensional 
grid of 2.5  2.5 ȝm pitch. Table 2.1 shows the measured geometrical 
features of the patterns, in terms of depth and pitch.  
Substrate Depth [nm] Pitch [m] 
2.5 µm pattern 332.9 ± 42.9 2.75 ± 0.06 
5.5 µm pattern 337.9 ± 25.3 5.60 ± 0.25 
2.52.5 grid 367.9 ± 101.2 2.55 ± 0.14 (vert)       
2.74 ± 0.17 (horiz) 
   Table 2.1. Dimensions of the geometrical features of the SRGs. 
 
The pattern pitch is in good agreement with the theoretical predefined 
values. The pitch mismatch observed on the micro grid is probably due 
to the not perfect overlapping between the two linear patterns. In the 
following, substrates will be referred to as 2.5 and 5.5 ȝm linear 
patterns and 2.52.5 ȝm grid pattern. In order to use these materials as 
cell culture substrates, we performed a preliminary test to assess 
pattern stability in conditions comparable to those experienced during 
cell culture. To this aim, a 2.5 ȝm linear pattern was scanned with the 
AFM, thus obtaining the time−zero height profile. Then the sample 
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mostly round or elliptical in shape when cultivated on either flat or 
2.52.5 ȝm grid pattern (Figure 2.4A and 2.4B), whereas they 
appeared polarized and elongated along the direction of the 2.5 ȝm 
(Figure 2.4C) and 5.5 ȝm linear patterns (Figure 2.4D).  
 
Figure 2.4. Confocal images of NIH−3T3 cells on (A) flat pDR1m, (B) 
2.52.5 ȝm grid pattern, (C) 2.5 ȝm and (D) 5.5 ȝm linear patterns on 
pDR1m. Cell cytoskeleton is stained with phalloidin (red), FAs are 
immunostained for vinculin (green), nuclei are stained with ToPro3 (blue). 
Transmission images of underlying substrate are shown in the bottom right 
corner of each confocal micrograph. Scale bars are 10 ȝm. 
 
Same behavior was observed in case of high cell density, in fact cells 
were randomly oriented on flat sample (Figure 2.5A) and elongated in 
the direction of the grating on 2.5 m linear pattern (Figure 2.5B). 
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Figure 2.5. Confocal images of high NIH−3T3 cell density on (A) flat 
pDR1m, (B) 2.5 ȝm linear patterns on pDR1m. Cell cytoskeleton is stained 
with phalloidin (red), FAs are immunostained for vinculin (green), nuclei are 
stained with ToPro3 (blue). 
 
This was confirmed by the quantitative image analysis performed on 
the confocal micrographs. In more details, the cell elongation 
(Imax/Imin) was 17.8 ± 2.5 for cells spread on 2.5 ȝm pattern and λ.5 
± 2.3 on 5.5 ȝm linear pattern, which were significantly different from 
those measured on the 2.52.5 ȝm grid and flat pDR1m, i.e 1.5 ± 0.1 
and 1.8 ± 0.2, respectively. Regarding orientation, cells were aligned in 
the same direction of the underlying patterns on 2.5 and 5.5 ȝm linear 
gratings, while they were randomly oriented on 2.52.5 ȝm grid and 
flat polymer (Figure 2.6A). Our results are consistent with other 
reports that emphasize the role of FA assembly and orientation on cell 
shape and elongation.22,23,32 We therefore analyzed the morphological 
features of FAs on the different topographies and on the flat substrate. 
FAs that formed on the linear patterns had a comparable length that 
A B
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was not significantly different from the one measured on the flat 
substrate. Furthermore, FAs on linear patterns displayed a narrow 
distribution of orientation angles, whose average values indicated a 
strong coalignment with the pattern direction. As expected, FAs on flat 
substrates and on the 2.52.5 ȝm grid were randomly oriented, i.e. 
mean orientation ~ 45°, with a broad distribution. In particular, FAs on 
the 2.52.5 ȝm grid, were significantly shorter with respect to those on 
flat surfaces (Figure 2.6B). Therefore, it is likely that the presence of 
arrays of dome−shaped pillars hampers the formation of longer focal 
adhesions.  
Thick actin bundles were clearly visible in cells cultured on linear 
SRG, whereas a predominant cortical actin was observed in cells on 
flat surfaces. Interestingly, cytoskeletal assemblies that formed in cells 
on the micro grid had a peculiar rosette−shaped structure. Even though 
confocal snapshots do not provide information on the dynamics of 
cytoskeleton assembly, it is tempting to speculate that as micro grids 
hamper FA formation, the subsequent organization of a stable 
cytoskeleton is also delayed. Stable actin bundels can only form on a 
limited number of adhesion spots. The remaining actin is involved in 
an extensive ruffling at the cell periphery, as the cell tries to maximize 
the number of adhesions. Indeed, it is recognized that an increased 
ruffling activity occurs on scarcely adhesive substrates or when the 
available extracellular adhesive islets are very narrow.33 
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Figure 2.6. (A) Quantitative analysis of the cell elongation index and cell 
orientation on 2.5 and 5.5 ȝm linear pattern, 2.52.5 ȝm grid and flat 
pDR1m. Solid triangles refer to the elongation index, whereas open circles 
refer to the orientation. (B) Quantitative analysis of the FA length and 
orientation on the substrates as in (A). Solid diamonds represent FA length, 
whereas open circles represent FA orientation with respect to the pattern 
direction. For the grid and flat surface, angles are evaluated with respect to 
the horizontal axis. Asterisk indicates significant differences with respect to 
the flat case (p< 0.05). Bars refer to standard error of the mean for cell 
elongation and FA length, whereas they represent the standard deviation in 
the case of cell and FA orientation. 
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2.3.2 SRG Reversibility Tests 
Topographic patterns imprinted on pDR1m proved to be effective in 
controlling different aspects of the cell−material interactions and 
macroscopic cell behavior. More interestingly, though, surface 
modifications induced on azopolymers are, in principle, reversible, i.e. 
if exposed to specific chemical/physical cues, patterns can be 
manipulated or erased. Pattern erasure is an aspect that we carefully 
addressed as it would greatly increase the versatility of the pDR1m 
substrates. This could allow to fabricate various patterns on the same 
substrate without employing expensive equipments or time consuming 
processes. In this work, pattern erasure was induced by using 
temperature or light as triggers. In the first case, heating the linear 
SRG up to 130°C for 3 h caused the flattening of the gratings and the 
pattern could be rewritten afterwards (Figure 2.7).  
 
Figure 2.7. 3D AFM images of temperature induced SRG erasure. 
Temperature was set at 130 °C for 3 h; every hour a 20 20 m AFM image 
was acquired. A SRG pattern was rewritten on the flat substrate with the 
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Lloyd’s mirror set−up. On the right, height AFM cross sections are shown at 
different time steps. 
 
Alternatively, circularly polarized light was used to reduce SRG depth. 
After 10 min of irradiation in air at room temperature, the grating 
depth decreased from 90 to 10 nm. To assess the effectiveness of 
pattern modification on cell culture experiment, we first cultivated 
NIH−3T3 cells on flat surfaces for 24 h. Cells were then trypsinized 
and the substrates were washed in PBS and air dried. Second, a 2.5 m 
pattern was inscribed using the set−up previously described on which 
cells were seeded on the patterned substrate and cultivated for 24 h. 
Finally, cells were trypsinized, the substrate was washed and dried and 
the pattern was erased by exposing it to a circularly polarized light for 
10 min at room temperature. In order to draw out quantitative data on 
cell morphology and adhesion, we prepared a second set of samples in 
which cells were fixed and stained rather than detached from each 
substrate with trypsin. Therefore, confocal images of cells stained for 
vinculin, actin and nuclei were acquired (Figure 2.8). Cells were 
randomly distributed on flat polymer, while they acquired an elongated 
morphology when seeded on the linear pattern. Circular polarized light 
dramatically reduced pattern height and cells recovered a round 
morphology accordingly. The quantification of cell elongation and 
orientation is reported in Figure 2.8D, in which the highest values of 
elongation are measured on the 2.5 m pattern, whereas the elongation 
of cells on the erased pattern is not significantly different from the flat 
case. Accordingly, cell orientation was nearly parallel to the pattern 
direction with a narrow distribution when cells were seeded on the 
Chapter 2 
54 
 
pattern, while a random orientation with a broad distribution was 
measured for cells on both flat and erased pattern. FA length did not 
display changes in the writing/erasing cycles, whereas FA orientation 
was very sensitive to the topography as parallel FAs were observed on 
the SRG only (Figure 2.8E). Therefore, pDR1m coated substrates can 
in principle be rewritten with different patterns and cells 
accommodated their behavior accordingly. 
 
 
Figure 2.8. Confocal images of NIH−3T3 cultivated on (A) flat pDR1m 
substrate, (B) SRG grating and (C) pattern erased with circularly polarized 
light. Transmission images of the substrate are reported in the bottom right 
corner of each confocal micrograph and AFM scans are shown below them. 
(D) Plots of the cell elongation (solid triangles) and cell orientation (open 
circles). (E) Plot of FA length (solid triangles) and orientation (open circles). 
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Asterisk denotes significant difference with respect to the flat case. Bars 
indicates standard error of the mean in the case of cell elongation and FA 
length, whereas they represent standard deviation in the case of cell and FA 
orientation. 
 
Cells are necessarily cultivated in aqueous media. In order to 
implement light induced pattern modification or erasure while living 
cells are cultivated on the substrate, the circularly polarized laser beam 
must pass through the culturing medium before colliding onto the 
patterned surface. We then investigated whether the process of pattern 
erasure was affected by the presence of an aqueous environment. 
Therefore, the laser beam was directed into the petri−dish containing 
the SRG sample immersed either in water, PBS or DMEM (1.5 ml in 
volume). After 10 min of exposure we observed the formation of 
bubbles−like structures on the polymer surface, which were arranged 
in a sort of aligned pattern. Simultaneously, the original topographic 
pattern intensity was drastically reduced. This particular effect 
occurred independently from the fluid type (Figure 2.9).  
As shown in Figure 2.10, cell seeded on the erased SRG were not able 
to perceive the original topographic signals (red arrow), but rather 
coaligned along the bubble−like structures (yellow arrow). 
The use of circularly polarized light in order to erase or reduce the 
pattern depth entailed a great disadvantage, in fact optical set−up was 
hardly adaptable to cell environment conditions and laser intensity was 
not suitable to dynamic real−time experiments with cells. 
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Despite both circularly polarized and incoherent light sources proved 
to be very effective in erasing the pattern in dry condition, the presence 
of an aqueous environment generates the bubble−like structures either 
due to scattering of the light or promoting uncontrolled interactions 
between water and the azopolymer. It is most likely that upon 
irradiation water molecules deform the polymer, while pDR1m is 
stable in aqueous media at the normal cell culturing conditions. 
Therefore, we hypothesize that a photofluidization process (athermal 
anisotropic photosoftening) occurs, meaning that light induced 
molecule mobility allows small forces to generate material flow.35 In 
an aqueous environment this phenomenon triggers a sort of interfacial 
phase separation between the hydrophobic polymer and the aqueous 
environment, with the formation of globular polymeric domains on the 
substrates. However, this needs to be confirmed with specific 
experiments. 
Azobenzene compounds, along with their response to light irradiation 
have been widely investigated and are mainly used in the optics and 
photonics fields. Despite their extraordinary chemical/physical 
characteristics the number of studies on the use of azobenzene−based 
substrates for cell cultures is very limited. For instance, Rocha et al.19 
studied the biocompatibility of azopolymers based polysiloxane 
coatings and investigated the stability of the substrates in aqueous 
environment. Barille et al.18 examined the imprinting capabilities of the 
azo−based photo−switchable materials both in dry and in wet 
conditions and analyzed neuron response to the topographic signal. 
Interestingly, they also reported that irregularities were observed when 
the pattern was embossed in the presence of PBS. To the best of our 
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knowledge, however, the possibility to exploit writing/erasing 
reversibility of azobenzene polymers in biological applications has not 
been addressed yet. We demonstrated that pDR1m coated glass can be 
patterned in a reversible manner using either temperature or light 
triggers. Additionally, the microscopy set−up we propose allows the 
pattern feature alteration in presence of cells without affecting their 
viability. However, even though the system has the potential to be 
employed for real−time experiments with living cells, the irradiation 
technique need to be optimized in order to gain a better control on the 
azopolymer mass transport and hence improving pattern modification. 
 
2.4 Conclusions 
In this chapter an effective technique to imprint and modify 
biocompatible topographic patterns on azopolymer pDR1m coated 
glass, using conventional optical equipments (i.e. Lloyd’s mirror set-
up), is presented. Patterned substrates proved to be effective in 
confining FA growth and cytoskeletal assembly. Pattern could be 
easily erased and rewritten in dry conditions, whereas in a wet 
environment circularly polarized or incoherent light were able to alter 
pattern shape. In particular, microscopy set-up with incoherent and 
unpolarized light−mediated erasure proved to be a promising strategy 
for real−time experiments with living cells as exposure time did not 
affect cell viability. Therefore, the system we proposed has the 
potential to be employed for understanding cell behavior and possibly 
mechanotransduction events in a dynamic environment. 
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Chapter 3 
 
Cell Mechanics Investigation on Patterned 
Azopolymers by Using AFM Technique 
 
Abstract. Physical and chemical characteristics of materials are potent 
regulators of cell behavior. In particular, cell elasticity is a fundamental 
parameter that reflects the state of a cell. Surface topography finely regulates 
cell fate and function via adhesion mediated signalling and cytoskeleton 
generated forces. However, how topographies alter cell mechanics is still 
unclear. In this work we have analyzed the mechanical properties of 
peripheral and nuclear regions of NIH−3T3 cells on polymer substrates with 
different topographic patterns. Micron scale patterns in the form of parallel 
ridges or square lattices of surface elevations were encoded on reversible 
light responsive azopolymer films. The techniques employed for pattern 
inscription were based on contactless optical methods. Cell mechanics was 
investigated by atomic force microscopy (AFM). Cells and consequently cell 
cytoskeleton were oriented along the linear patterns affecting cytoskeletal 
structures, e.g. formation of actin stress fibres. Cytoskeleton generated forces, 
modulated by substrate topography, deform the nucleus changing its 
morphology and its mechanical properties. Our data demonstrate that 
topographic substrate patterns are recognized by cells and mechanical 
information is transferred by the cytoskeleton up to the nucleus. 
 
 
The work described in this Chapter is part of a manuscript in preparation: 
Rianna, C.; Ventre, M.; Cavalli, S.; Radmacher, M.; Netti, P. A. 
"Micropatterns regulate cell mechanics through the material−cytoskeleton 
crosstalk". 
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3.1 Introduction 
Understanding the interactions between cells and the extracellular 
environment for creating favourable conditions when designing 
functional biomaterials is one of the critical aspects of tissue 
engineering.1,2 Within this context, the presence of adhesive ligands 
plays a crucial role. In particular, natural extracellular matrix (ECM) 
regulates via mechanical,3 biochemical,4 or topographical cues,5 many 
cell processes eventually determining the cellular behavior. 
Biomaterial surfaces with engineered physical/chemical features have 
been developed in the last years in order to control and guide cell fate 
and functions.6−8 Even though the biochemical mechanisms regulating 
the transduction of adhesive signals into a biological response are not 
thoroughly understood, there is growing evidence that focal adhesion 
(FA) mediated signalling and cytoskeleton−generated forces play a 
fundamental role.9 Cell adhesion and cytoskeletal assemblies are the 
major responsible for the determination of the cell mechanical 
behavior. Indeed, cell elasticity can be largely influenced by the 
cell−substrate interface interactions. Moreover, in the last years, cell 
mechanics investigation has proven to be a promising tool for 
applications in the field of regenerative medicine, in which cell 
mechanical properties can be quantitative markers, monitoring the 
regulation of cell differentiation,10−12 or within clinical and medical 
contexts as in cancer diagnostics.13,14 Cell mechanics can be evaluated 
with several methods, such as micropipette aspiration,15 optical 
tweezers,16 magnetic twisting cytometry,17 or atomic force microscopy 
(AFM).18 Among these, AFM is the most widely used technique for 
adherent cells, allowing both topographical imaging and measuring 
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mechanical properties of heterogeneous living samples, such as cells. 
Since its invention,19 the AFM has become an important tool for 
studying surface and mechanical properties very first of hard samples, 
but soon its potential for soft and biological samples was 
discovered.20−22 By obtaining force−distance AFM curves, cell elastic 
properties can be measured in terms of elastic or Young’s modulus.18 
In order to understand the interaction between ECM signals and cell 
mechanics, several studies have been performed. For example it has 
been shown that cell spreading and stiffness directly depend on 
mechanical properties of the underlying materials.23,24 Even though 
topographic cues proved to be a powerful tool to control different 
aspects of the cell behavior, there are only few reports concerning the 
effects of topographies on cell mechanics. In particular, submicron 
scale topographic patterns were reported to alter the FA – cytoskeleton 
– nuclear shape axis25 and changes in nuclear morphology might have 
a direct impact on gene expression.26 However, the possible interplays 
between topography and nuclear mechanics have not been clarified 
yet. Furthermore, topographic signals in vivo might change in time and 
space owing to active cellular remodelling or to deformation arising 
from external forces. Therefore, it is of great interest analysing 
topography mediated mechanotransduction in a dynamic environment. 
This would require the development of materials able to display 
topographic signals whose features can be modulated dynamically. 
In this study we investigated the influence of microgrooved patterns on 
the local elasticity of fibroblast cells, their cytoskeletal organization 
and the shape of cell nuclei. Micropatterns were fabricated using 
azopolymers and cell mechanics was investigated with AFM. 
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Topographies were encoded on the material surfaces in a contactless 
manner by means of either structured light or with a laser beam. AFM 
measurements were performed locally in order to gain information on 
cell stiffness in specific cell regions. Our data demonstrated that 
topography induces specific cytoskeletal structures, which interact 
with the nucleus affecting its shape and volume. Furthermore, 
cytoskeleton mediated deformations cause changes in the nuclear 
mechanical properties. 
 
3.2 Materials and Methods 
Cell mechanics study was performed on four kinds of patterns 
imprinted on pDR1m films. First 2.5 ȝm periodicity parallel linear 
grating and 2.5  2.5 ȝm grid pattern were encoded with a Lloyd’s 
mirror set−up (as described in Chapter 2). Moreover, 5 ȝm periodicity 
parallel linear pattern was produced on pDR1m with single laser 
induced patterning technique,27, 28 which will be described in chapter 4. 
In the following, substrates will be referred to as 2.5 or 5 ȝm linear 
patterns and 2.5  2.5 ȝm grid pattern. 
 
3.2.1 Detecting Cell Mechanical Properties by AFM  
Experiments of cell mechanics have been performed at the Institute for 
Biophysics, University of Bremen, under the supervision of Prof. 
Manfred Radmacher. 
A MFP3D AFM (Asylum Research, Santa Barbara, CA, USA) was 
used to measure topography and mechanical properties of live cells. 
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An optical microscope was combined to the AFM to be able to control 
tips and samples. Soft cantilevers (MLCT, Bruker, nominal spring 
constant 0.01 N/m) were used to investigate cell properties. Petri 
dishes were fixed to an aluminum holder with vacuum grease and 
mounted on the AFM stage with two magnets, all the set−up was 
enclosed in a homebuilt polymethylmethacrylate (PMMA) box in 
order to maintain 5% CO2. For imaging the AFM was operated in 
contact mode at a scan rate of 1 line per second. During force mapping, 
spring constant of cantilever was first calibrated by using a thermal 
tune method.29 Force curves were typically recorded at a scan rate of 1 
Hz, corresponding to a maximum loading rate of 1nN/s and a 
maximum force of 1nN. Typically, 400 force curves were measured 
over a cell area of 30 x 30 ȝm. Mechanical properties of cells, in terms 
of Young’s modulus (E) values were estimated from each force curve 
within a force map. Evaluation was performed with the date analysis 
package IGOR (Wavemetrics). The Hertzian model was used to 
calculate Young’s modulus for every force curve, therefore 400 values 
were generated for each force map. The median was calculated from 
these values as a representative modulus of each force volume. 
 
3.2.2 Cell Culture and Staining Procedures 
NIH−3T3 fibroblasts were cultured on patterned azopolymer films, 
following the procedure described in Chapter 2 (paragraph 2.2.2). 
After 48 hours from cell seeding, NIH−3T3 fibroblasts were fixed with 
4% paraformaldehyde for 20 min and then permeabilized with 0.1% 
Triton X−100 in PBS 1x for 3 min. Actin filaments were stained with 
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TRITC−phalloidin. Samples were incubated for 30 min at room 
temperature in the phalloidin solution (dilution 1:200). For focal 
adhesion (FA) staining, cells were immersed in an anti−vinculin 
monoclonal antibody solution (dilution 1:200) for 2 h and labelled with 
Alexa Fluor 488 conjugated goat anti−mouse antibody (dilution 
1:1000) for 30 min. Finally, cells were incubated for 15 min at 37°C in 
a To−Pro3 solution (dilution 5:1000) to stain cell nuclei. Leica TCS 
SP5 confocal microscope (Leica Microsystems) was used to collect 
fluorescent images of cells, the laser lines used were 488 nm 
(vinculin), 543 nm (actin) and 633 nm (nuclei). Emissions were 
collected in the 500−530 nm, 560−610 nm and 650−750 nm ranges, 
respectively. Fiji software30 was used to measure cell nuclei aspect 
ratio and volume from 3D z−stacks. 
 
3.3 Results and Discussion 
AFM technique was used to investigate mechanical properties of 
NIH−3T3 cells subjected to different topographic patterns. Several 
gratings were realized on spin coated azopolymer pDR1m films by 
using Lloyd’s mirror set−up and single laser induced patterning 
technique (Figure 3.1). In this chapter the influence of pattern shape 
and periodicity on cell stiffness was examined. 48 hours prior to AFM 
data acquisition, cells were seeded on flat pDR1m, 2.5 and 5 ȝm linear 
gratings and 2.5 x 2.5 ȝm grid pattern. Commercial polystyrene (PS) 
petri−dishes and bare glass slides were used as control surfaces.  
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Figure 3.2. (A) Deflection AFM image of a cell spread on bare glass. Three 
squares are showing the regions over which force maps were scanned, (1) 
peripheral region, (2) cell body and (3) nuclear region. (B) 3D image of the 
same cell, (C) logarithmic scale of elastic moduli map and (D) cell height 
map. 
 
Typically 400 force curves were measured over a cell area of either 10 
x 10 ȝm or 20 x 20 ȝm. Figure 3.3 shows logarithmic plots of elastic 
modulus values on nuclear regions, cell body and peripheral regions of 
NIH−3T3 cells spread on petri−dishes (black color), glass cover slips 
(light blue), flat pDR1m (green), 5 ȝm pattern (violet), 2.5 x 2.5 ȝm 
grid pattern (red) and 2.5 ȝm pattern (orange). Results are shown as 
box plot diagrams in which average values of all elastic moduli from 
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contact point, whence we deduced the local cell height. The data of 
Young’s modulus versus cell height are presented in Figure 3.5.  
 
Figure 3.5. Semi−log scatter plots of cell Young’s modulus (E) versus cell 
height for the different substrates. 
 
Generally, we observed a softening of the modulus with increasing cell 
height. To exclude the influence of the substrate on the apparent elastic 
modulus, cell heights below 1 ȝm were excluded from the analysis. 
Indeed, we measured "non physiological" moduli (approximately 105 
Pa) corresponding to the thin regions like lamellae and lamellipodia, 
which is a well known artefact for thin samples.33 Force and height 
AFM maps did not allow us to discriminate univocally the diverse cell 
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regions. An alternative way would have been to label selected cell 
components, such as the nucleus and the cytoskeleton with fluorescent 
vital stains. These, even if conventionally classified as vital, need to be 
translocated into the cytoplasm for example with electroporation or 
lipofectants. This was reported to affect mechanical properties to a 
certain extent.34 To discriminate the mechanical behavior of the 
different cell regions we followed a more conservative approach. More 
specifically, we avoided the use of staining and considered the whole 
distribution cell heights. Moduli corresponding to the top 5% of 
heights were considered as representative of the mechanical stiffness 
of the nuclear region. Conversely, we considered as elastic moduli of 
the cell body those calculated in a range around the median of all cell 
heights values (corresponding to the range between the 40 and 60% 
percentile). According to this classification we found that fibroblasts 
cultivated on patterned substrates possessed a significantly stiffer cell 
body. More specifically, the highest modulus was recorded on the 2.5 
ȝm linear pattern, which was significantly higher than that measured 
on the 2.5  2.5 ȝm grid substrates and on the 5 ȝm patterns (Figure 
3.6A). Similar results were observed in the case of nuclear modulus in 
which stiffer nuclei were found on the 2.5 ȝm linear pattern, whereas 
cells on the 2.5  2.5 ȝm grid and on the 5 ȝm linear pattern had 
nuclear regions with comparable stiffness (Figure 3.6B).  
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Figure 3.6. Box plots of the Young’s modulus of (A) cell body and (B) 
nuclear regions of cells seeded on the different substrates. Blue boxes enclose 
the 1st and 3rd quartiles, whereas the red mark is the median value. Blue open 
circles are the individual measurements. * indicates significant differences 
with respect to the flat pDR1m substrate (p < 0.05); # indicates significant 
differences with respect to the 5 ȝm linear pattern (p < 0.05). 
 
We then investigated whether a dependency between cell body 
mechanics and nuclear mechanics existed. 
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We found a positive dependency between the elastic moduli of the two 
cell regions, with the only exception of the cells cultivated on the 2.5 × 
2.5 ȝm grid that displayed a relatively high cell body stiffness and an 
intermediate nuclear one (Figure 3.7). 
 
Figure 3.7. Scatter plot of the cell nuclear Young’s modulus (Nucl. E) versus 
cell body Young’s modulus (Cell body E). Bars are standard error of the 
mean. 
 
3.3.3 Cell Nuclei Morphology and Cytoskeleton Organization 
The actin cytoskeleton is known to play a central role in determining 
mechanical properties of cells.35,36 Additionally, being linked to the 
nucleus through the LINC complexes, actin bundles can deform the 
nucleus thus altering its mechanical response.35 Therefore, we wanted 
to investigate if surface patterning could affect cytoskeletal assemblies 
and how these could alter nuclear shape and mechanics. 
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Cells on 2.5 ȝm linear pattern were highly elongated and the majority 
of stress fibres ran along the entire cell body length being oriented 
along the pattern direction (Figure 3.8A). Actin bundle were frequently 
seen in close contact with the nucleus and some fibres faithfully traced 
out nuclear contours, suggesting an active squeezing of the nuclear 
envelope, which consequently appeared oblong in shape. Cells on the 5 
ȝm linear pattern were less elongated and displayed a number of thick 
actin bundles remote from the nucleus. In this case, the nucleus was 
also elliptical in shape, however not as oblong as that seen on the 2.5 
ȝm pattern (Figure 3.8B). A very different cytoskeleton structure has 
formed in cells on the 2.5 × 2.5 ȝm grid pattern in which a sparse 
network of thick and radially assembled fibres was observed (Figure 
3.8C). Such a network was always located between the nucleus and the 
basal cell membrane. Lateral or apical stress fibres around the nucleus 
were almost absent and, as a consequence, the nucleus appeared 
spherical in shape. Cells on flat pDR1m substrates displayed a broad 
spectrum of morphologies ranging from spindle−like to 
circularly−shaped cells (Figure 3.8D). Similarly, an actin cytoskeleton 
with aligned bundles was predominantly observed in spindle−like cells 
whereas a more isotropic network with randomly distributed fibres was 
seen in circular cells. 
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Figure 3.8. Confocal images of NIH−3T3 cell labelled with rhodamine 
phalloidin (cytoskeleton), vinculin (focal adhesions) and To−Pro 3 (nuclei). 
Cells were cultivated on (A) 2.5 ȝm linear pattern  (B) 5 ȝm linear pattern  
(C) 2.5 × 2.5 ȝm grid and (D) flat pDR1m. Scale bars are 10 ȝm. 
 
Owing to the diversity of the cytoskeletal assemblies on the substrates 
and the apparent shape of the nucleus, we asked whether a dependency 
between nuclear morphology and stiffness existed. Therefore, we 
evaluated the aspect ratio (A/R) of the nuclear projected area and the 
nuclear volume and we plotted the Young’s modulus against these 
parameters. 
Softer nuclei are characterized by low A/R values, ranging in the 1.2 – 
1.5 interval (Figure 3.9A). Even though cells on 5 ȝm patterns 
displayed nuclei with an higher A/R value, nuclear stiffness was not 
significantly different to that measured in the case of cells on Petri dish 
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and on the 2.5 × 2.5 ȝm grid. Nuclei of cells cultivated on 2.5 ȝm 
linear patterns exhibited the highest value of A/R, although not 
significantly different from the one of cells on the 5 ȝm pattern, and 
the highest elastic modulus. Therefore, the A/R of the projected 
nuclear area does not correlate well with the mechanical properties. 
Lateral compressive forces are not very effective in altering nuclear 
mechanical properties probably because the nucleus can freely expand 
in the orthogonal direction. This prompted us to investigate the effects 
of the nuclear volume changes on the mechanical properties. With the 
exception of cells grown on bare glass slides, we found a much 
stronger dependence of nuclear stiffness on nuclear volume (Figure 
3.9B). Highly elongated cells, as those on the 2.5 ȝm pattern, possess 
oblong and smaller nuclei that are also the stiffest ones. Closely 
packed acting bundles wrapping around the nuclear envelope are likely 
to exert substantial mechanical stress that ultimately compresses the 
nucleus. This is reasonable as the nuclear membrane is known to be 
porous and a volume reduction necessarily leads to a chromatin 
condensation.37 This determines an increase of the nuclear modulus. 
Higher nuclear volumes were observed in the case of cells having the 
cytoskeleton, at least partly, disengaged from the nucleus, as 2.5 × 2.5 
ȝm grid and flat pDR1m. In these cases, the cytoskeletal structure is 
not able to exert a coordinated nuclear compression and subsequent 
volume reduction. Accordingly, nuclear modulus is low. An exception 
is represented by the nuclei of cells on bare glass. It is therefore 
possible that surface mechanics or chemistry, besides topography, can 
affect nuclear mechanics.31,38 Unfortunately, we were not able to 
measure nuclear volume of cells cultivated on Petri dishes owing to the 
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thickness of the polystyrene bottom that provided noisy 3D z−stacks. 
In particular, FA mediated signalling might alter the level of 
actomyosin contractility and hence the magnitude of the forces acting 
on the nuclear envelope. 
 
Figure 3.9. Scatter plots of the nuclear Young’s modulus (Nucl. E) versus 
(A) nuclear A/R and (B) nuclear volume. Bars represent standard error of the 
mean. 
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yellow. (C) Transmission image of 2.5 ȝm linear pattern, dashed yellow lines 
represent the angle between the parallel linear grating and the reference axis. 
 
Cell mechanics is strongly affected by environmental cues. In 
particular, the physical/mechanical characteristics of the supporting 
material are known to exert a potent effect on cell stiffness. Several 
studies were focused in elucidating the effect of the substrate’s 
properties on cell stiffness using various techniques.15−18 Generally, 
more rigid materials provoke cells to become stiffer, whereas soft 
materials, as hydrogels, make the cells more compliant.23,24 These 
findings are of particular interest not only in diagnostics as altered 
cellular mechanical properties might underlie some kind of 
pathologies, but also in regenerative medicine since the transduction of 
exogenous mechanical signals can ultimately dictate cell fate and 
functions.6,39,40 Despite such detailed knowledge on materials stiffness 
and mechanotransduction, the effects of surface topography on cell 
mechanics have been, in comparison, scarcely investigated. Along 
these lines, Hansen et al.38 studied the elasticity of MC3T3−E1 cells on 
flat and nano−structured polymeric substrates. They found that cells on 
the nanometer−sized topographical features were stiffer than those 
cultivated on flat control substrates. Similarly, McPhee et al.11 reported 
that NIH−3T3 fibroblasts displayed higher mechanical properties on 
microgrooved elastomeric substrates with respect to cells cultivated on 
flat controls. More recently, McKee et al.41 found that the geometrical 
features of patterned substrates affect both nuclear shape and modulus. 
They hypothesized that the nucleus could directly act as a 
mechanosensor of the substrate topography, whose signals can 
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influence cell alignment and proliferation. Our results are in general 
agreement with these reports. However, we not only found that 
topographic signals alter nuclear shape and mechanics, but we also 
highlighted how cytoskeletal assemblies and cell body mechanics are 
regulated by the underlying micropattern. In fact, confocal 
micrographs revealed diverse cytoskeletal structures that formed on the 
topographies and these structures interacted differently with the 
nucleus. Indeed, actin bundles are connected to the nuclear envelope 
with specific linkers and therefore changes in the cytoskeletal 
structures can be directly transferred to the nucleus. Additionally, 
actomyosin generated forces can stand on the nuclear envelope thus 
altering its structure dynamically. Versaevel et al.37 found that lateral 
compressive forces generated by actin bundles regulated nuclear 
orientation and deformation. Cells cultivated on micropatterned 
adhesive islands developed anisotropic contraction dipoles that altered 
nuclear shape and induced chromatin condensation. In our 
experiments, microtopographies act at the level of FAs by confining 
their formation and guiding their growth. As we have recently 
reported,42 in the case of narrow ridges, as in 2.5 ȝm patterns, FAs 
forming orthogonal to the pattern direction are unstable and more 
prone to collapse upon actin contraction. Such a collapse not only 
causes the cytoskeleton to be coaligned with the pattern, but also that 
the cell acquires a narrow spindle−like morphology with a highly 
elongated nucleus (Figure 3.8A and 3.9A). Furthermore, the 
coordinated contraction exerted by the actin cytoskeleton all around 
the nucleus causes a significant volume decrease (Figure 3.9B). 
Altogether, shape and volume changes can be responsible for nuclear 
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matter densification and hence an increase of the measured stiffness. 
Larger features, and more specifically larger ridges as in the 5 ȝm 
linear patterns, enable the FAs to grow up to significant lengths even in 
directions orthogonal to that of the pattern. In this case, cells can 
acquire a more spread morphology with a cytoskeleton that is 
distributed all over the cell body (Figure 3.8B). Here, the nucleus is 
less stressed with respect to what found in the 2.5 ȝm pattern case, and 
takes on a less compressed shape (Figure 3.9A and B). Accordingly, 
nuclear modulus was lower. A very peculiar response of the NIH−3T3 
to the 2.5 × 2.5 ȝm grid was observed. Such a substrate allowed FAs to 
establish only on a limited area and their maturation was inhibited by 
the small size of the topographic features. Cells usually displayed 
ragged edges and the cytoskeleton was constituted by few bundles 
arranged in star−shaped manner (Figure 3.8C). This structure formed 
between the pattern and the nucleus. Nuclear envelope was apparently 
disengaged from the actin cytoskeleton as the nucleus was thicker 
(Figure 3.5), rounder (Figure 3.9A) and more compliant (Figure 3.6B). 
Taken together these data demonstrate that topographic patterns are 
very effective in modulating the material−cytoskeleton crosstalk. 
Patterns regulate cytoskeleton assembly and hence nuclear shape along 
with the forces acting on the nuclear envelope. These observations can 
be in principle used to design topographic patterns able to transfer 
mechanical information up to the nucleus thus influencing cell fate and 
functions. 
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3.4 Conclusions  
In this work we showed that micropatterned substrates strongly 
influence cell mechanical properties of cell body and region around the 
nucleus. In particular, we found that fibroblasts cultured on 2.5 and 5 
m linear patterns possessed significantly stiffer bodies and nuclei, in 
comparison to those cultured on flat controls or isotropic grid patterns 
(2.5  2.5 grid). Since the actin cytoskeleton is known to play a critical 
role in determining cell mechanical properties and is physically 
connected to cell nuclei, we investigated cytoskeleton assemblies and 
nuclei morphology to gain a better insight into the 
material−cytoskeleton crosstalk. Primarily, we found that the elastic 
properties of the cell body were directly proportional to those of 
nuclear regions. Moreover, a connection between cell nuclei 
mechanical proprieties and morphology was found. In fact, in 
comparison with cell nuclei on flat controls, cell nuclei on linear 
patterns showed an higher aspect ratio, a lower volume and stiffer 
values of Young moduli. In other words, highly elongated cells, as 
those on the 2.5 ȝm and 5 ȝm linear pattern, possessed oblong and 
smaller nuclei that were also the stiffest ones. Closely packed acting 
bundles wrapping around the nuclear envelope are likely to exert 
substantial mechanical stress that ultimately compresses the nucleus, 
increasing its stiffness. Our work proved that topographic signals can 
be used as critical tools to control and direct mechanical properties of 
cells. This result may become useful in the development of new 
cell−instructive biomaterials for tissue engineering. 
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Chapter 4 
 
Pattern Inscription on Azopolymers by 
Confocal Microscopy Technique: an in 
Vitro Approach For Dynamic Cell 
Guidance 
 
Abstract. Here we report a simple and fast technique to produce 
submicrometric patterns on azopolymers by using a well known and largely 
used instrument in the biologic field: the confocal microscope. Owing to the 
properties of azopolymers, the polarized confocal laser light allows a surface 
mass migration and the formation of defined structures in a selected area. 
Thanks to the stability of the imprinted shapes, patterned azopolymers can be 
used as versatile molds in replica−molding technique or for cell culture study. 
Remarkably, with this technique it is possible to realize patterns meanwhile 
cells are seeded on the substrate and to perform a real−time investigation on 
their response accordingly to the new topography. This study may pave the 
way to a new class of cell−instructive biomaterials: synthetic materials upon 
which topographic signals can be presented on−demand, hence investigating 
and unraveling complex processes in cell−topography interaction. In fact, this 
interaction has proved to be a key factor when designing a new material for 
tissue engineering. 
 
 
The work presented in this chapter is part of a manuscript in preparation: 
Rianna, C.; Kollarigowda, R.; Ventre, M.; Cavalli, S.; Netti, P. A. "Pattern 
realization on azopolymers by using confocal microscope: a fast technique 
for replica−molding and cell culture applications". 
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4.1 Introduction 
Azopolymers are unique and attractive materials in which the 
azobenzene molecules photo−isomerization can lead to a macroscopic 
material motion, also named light−induced molecular displacement or 
mass migration.1, 2 In fact, if illuminated with a polarized light with a 
proper wavelength, the azobenzene molecules undergo to a reversible 
trans−cis−trans isomerization process, moving and changing their 
orientation perpendicularly to the polarization direction of the 
irradiating light.3, 4 During last decades, several phenomena arising 
from azopolymers−light interaction have been observed and described. 
Among these, surface relief gating (SRG) formation has gained large 
attention due to the possibility of generating periodic patterns thanks to 
structured light (as described in Chapter 2). 5−11 Despite their enormous 
potentialities and applicability, the realization of SRGs requires an 
optical set−up, made of powerful lasers, tools and filters able to induce 
a holographic pattern of polarized light. This involves dedicated 
equipments and hardware, but most importantly the geometries of the 
patterns that can be formed on the surface are very limited and are 
basically constituted by straight lines. Other techniques have been used 
to fabricate SRGs on azopolymers, such as radially polarized Bessel 
beam12 or proximity field nanopatterning.13 
In this Chapter we employed a confocal microscope to realize precise 
and complex topographic patterns directly on poly−disperse red 
1−methacrylate (pDR1m) substrates. On the contrary to the other 
techniques described above, confocal microscopes are widely used in 
most of the laboratories dealing with cell biology, tissue engineering 
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and biomaterials. Patterns could be drawn onto the pDR1m substrate 
by controlling the position of the laser beam through the 
region−of−interest (ROI) editor of the microscope software. Argon 
laser at both 488 or 514 nm wavelengths was used. As a matter of fact 
since the maximum absorption band of pDR1m is at 483 nm, both 
wavelengths were suitable to activate the azobenzene trans−cis−trans 
isomerization, that allowed a macroscopic mass transport in the 
azo−polymer film. Using this technique we could realize many 
complex shapes with high spatial control and in few seconds. 
Additionally many geometries could be embossed on the same support, 
erased with temperature or unpolarized light and rewritable afterwards 
for several times. Besides their direct application, patterned 
azopolymers could be used as masters in replica molding technique, 
overcoming many practical and economical issues. In fact, soft 
lithography replica−molding is a well−known and practical technique 
used to fabricate micro and nano structure14 with large employment in 
many fields, such as microfluidics,15 biochemistry and biology.16 
Silicon masters with a patterned relief structures on their surface are 
mainly used as molds to replicate their topography on elastomeric 
materials, despite their realization requires a very costly technique. 
Thanks to their stability and rigidity, patterned pDR1m azo−polymer 
films could be used as competitive, low cost and versatile molds. As a 
proof of concept two well known materials in soft lithography were 
used to duplicate azopolymer structures, which are PDMS and 
NOA−63. Moreover, NIH−3T3 response to confocal−induced 
geometrical patterns was investigated, both in static and in dynamic 
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way. In fact for the first time, we could dynamically change the surface 
topography while cells were seeded on the azopolymer substrates.  
 
4.2 Materials and Methods 
For substrate preparation, spin coating technique was used in order to 
realize thin film of pDR1m on cover glasses (700 nm thickness). In 
details, 12 mm diameter circular cover glasses were washed in acetone, 
sonicated for 15 min and then dried on a hot plate prior to the spin 
coating process. pDR1m was dissolved in chloroform at a 5% w/v 
concentration. The solution was spun over the cover glass by using a 
Laurell spin coater at 1500 rpm and a profilometer was used to monitor 
the coated−polymer thickness. 
 
4.2.1 Pattern Realization 
A SP5 STED confocal microscope (Leica Microsystems, Germany) 
was used to emboss different topographic patterns on pDR1m 
substrates. In more details, the trans−cis−trans isomerization of the 
azopolymer and consequent mass transport were activated by using an 
Argon laser with either 488 or 514 nm wavelength (1.7 or 2.3 mW 
maximum intensity, respectively). Patterns were drawn onto the 
pDR1m substrate by controlling the position of the laser beam through 
the region−of−interest (ROI) editor of the microscope software. Time 
exposure was 30 sec. 
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For surface characterization atomic force microscope (AFM) and 
scanning electron microscope (SEM) were employed. A JPK 
NanoWizard II (JPK Instruments, Germany) was used to assess the 
surface topography of pDR1m films. An Axio Observer Z1 
microscope (Zeiss, Germany) was combined to the AFM to control tips 
and samples. Silicon Nitride tips (MLST, Bruker, USA) with a spring 
constant of 0.01 N/m were used in contact mode, in air at room 
temperature. SEM analysis was performed with a Ultra Plus FESEM 
scanning electron microscope (Zeiss, Germany). Patterned pDR1m 
samples were mounted on microscope stubs and sputter coated with 
gold (approximately 7 nm thickness). 
 
4.2.2 Replica molding technique 
PDMS and NOA−63 were used to duplicate the confocal−realized 
patterns with replica−molding technique. PDMS was prepared by 
mixing elastomer base and curing agent at 10:1 weight ratio. The 
solution was degassed, poured onto the pDR1m master and then cured 
at 55°C for 2 h. The PDMS replica was gently peeled off from the 
mold and examined by AFM. The polyurethane NOA63 was poured 
onto the pDR1m master as received, squeezed between two clamped 
glasses and cured for 30 minutes under 365 nm UV light. Temperature 
was necessary to be able to unmold the polyurethane film from the 
underlying pDR1m film and the above glass. In order to assess pDR1m 
master stability after sequential polymer pouring, curing and 
detaching, multiple replicas were performed on the same master and 
each of them was characterized with AFM, as previously described. 
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Pattern features of master and replicas were then compared in order to 
assess the reproducibility of the technique. In details, pattern height 
and homogeneity were evaluated. 
 
4.2.3 Cell Culture Experiments 
NIH−3T3 fibroblasts were cultured in low glucose DMEM 
(Dulbecco’s  odified Eagle  edium) and incubated at 37°C in a 
humidified atmosphere of 95% air and 5% CO2. Patterned pDR1m 
substrates were sterilized under UV light for 30 minutes and then cells 
were seeded on them without any additional treatment. After 24 hours 
cells were fixed with 4% paraformaldehyde for 20 min and then 
permeabilized with 0.1% Triton X−100 in PBS 1x for 3 min. In order 
to stain actin filaments with TRITC−phalloidin, samples were 
incubated for 30 min at room temperature in the phalloidin solution 
(dilution 1:200). For focal adhesions staining, cells were incubated in a 
anti−vinculin monoclonal antibody solution (dilution 1:200) for 2 h at 
20°C and successively marked with Alexa Fluor 488 conjugated goat 
anti−mouse antibody (dilution 1:1000) for 30 min at 20°C. Finally 
cells were incubated for 15 min at 37°C in a ToPro3 solution (dilution 
5:1000) to stain cells nuclei. Leica TCS SP5 confocal microscope was 
used to collect fluorescent images of cells on pDR1m. The laser lines 
used were 488 nm (vinculin), 543 nm (actin) and 633 nm (nuclei). The 
emissions were collected in the 500−530 nm, 560−610 nm and 
650−750 ranges, respectively. 
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experiments in the best way is the gradient force model.17,18 According 
to it, for a cylindrical symmetry light distribution around the 
propagation axis, like our focused Gaussian laser beam, the mass 
migration occurs in the direction of the light polarization.5,19 In this 
case, the dependence of the driving force    from the illuminating 
electromagnetic field can be synthesized in the relation:               
where    is the electric field and    is the local polarizability of the 
sample.19 In genaral, a gaussian laser beam induces a material 
displacement in the direction of the linear polarization of the laser 
light, with the result of a central groove with two lateral ridges along 
the light polarization direction.18 This mass migration along the 
defined ROIs may be the explanation of the surface elevation encoded 
on the azopolymer film when irradiated with polarized light. 
 
4.3.1 Relation between Microscope Parameters and Pattern 
Features 
Unlike epifluorescence microscopy, confocal laser microscopy relies 
on a laser beam that scans the object area in a single− or bi−directional 
fashion. Therefore, by modulating scanning frequency while 
maintaining all the other parameters fixed it was possible to control the 
amount of energy that was transferred to the polymer for each scanning 
line and hence the extent of maturation. In particular, by drawing 
rectangular ROIs orthogonal to the scanning direction, we observed the 
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undisturbed and did not allow any embossing effect. One of the many 
advantages in using and patterning these pDR1m films is that the 
geometrical features of the imprinted structures proved to be stable at 
least for more than 6 months if samples were stored in the dark at room 
temperature. However, pattern erasing process could be intentionally 
induced by heating the substrates above the glass transition 
temperature of the polymer (85°C for pDR1m) and new structures 
could be re−imprinted by further laser expositions.  
 
4.3.2 PDMS and NOA63 Replica Molding  
Owing to the adequate stability of the material under specific 
environmental conditions, we were wondering whether pDR1m could 
be used as constitutive material for fabricating masters suitable for 
replica molding. For this reason, parallel arrays of ridges/grooves were 
created on two pDR1m films. Two different polymers, largely 
employed in replica molding, namely PDMS and NOA63, were tested. 
Each polymer was poured on a pDR1m master, cured and detached. 
Up to 10 replicas were performed on each master and after each 
procedure; both the master and the replica were characterized by AFM. 
A graph showing the depth of the topographic features of pDR1m 
master and replicas is presenting in Figure 4.6.  
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after the fifth and the third replica for PDMS and NOA63, 
respectively.  
 
4.3.3 Cell Behavior on Geometrical Patterns 
Since a great advantage of these substrates is their biocompatibility, 
cells can be cultured on them, with no further surface treatments. 
Therefore, cell behavior, shape and interaction with topography can be 
studied. Forasmuch as every thinkable pattern can be easily imprinted 
on the same pDR1m substrate, in a very easy way it is possible to 
investigate cells expression. For example we could observe that cells 
could feel and react to different shapes. They were indeed inclined to 
follow the geometries of our confocal−realized patterns. For example, 
they tended to be aligned on the linear sides of triangles or the 
curvatures of concentric rings, on the other hand they were less spread 
and more roundish on spherical structures (Figure 4.7). 
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pDR1m substrate. As a matter of fact, confocal microscopy is provided 
with a thermo−chamber that allows setting biological conditions, 
keeping temperature at 37°C and monitoring CO2. Furthermore, the 
wavelength of the laser (512 nm) is quite far from harmful UV light, 
but close enough to the maximum absorption band of the polymer (that 
is 483 nm), so that it could allow material mass migration, even though 
leaving cell viable, thanks also to the short exposure time. 
In details, cells were cultured on a flat spin coated pDR1m film on 
cover glass as described above. After 48 hr, the cover glass was fixed 
with vacuum grease on the bottom of a fluoro−dish and DMEM 
medium was supplemented with HEPES, in order to control pH. 
Once at the microscope, a first confocal image was taken, showing a 
single cell on flat polymer (Figure 4.8A). Then, after focusing on the 
material surface, 22 rectangular vertical ROIs were drawn, about 6 m 
spaced. 514 nm Argon was shined on the selected regions for 30 sec. 
The resulting pattern is shown in Figure 4.8B. The cell was apparently 
undisturbed by the laser inscription and it continued to move changing 
its own orientation and migrating over the sample. After 45 min of cell 
monitoring, with the same technique, a second structure was inscribed 
on the sample, orthogonally to the first one, realizing a grid structure 
(Figure 4.8C). Once again, cell showed to be viable, moving around 
the sample and adapting its shape to the new underneath geometries. 
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Moreover, this experiment showed how patterns realized during the 
real−time observation (Figure 4.8) could actually influence cell 
behavior and response after 24 hr from cell seeding.  
Taking together all these experiments may pave the way to a dynamic 
and programmable use of azopolymer substrates for cell culture in 
real−time, showing the possibility to introduce a new kind of 
cell−instructive materials. In this way, topographic signals may be 
modulated any time and cell behavior could be studied accordingly. 
This approach has the advantage to be dynamic and adjustable, due to 
cell culture supports that are switchable on−demand. This gives rise to 
study cell behavior in a more biomimetic way. As a matter of fact, in 
Nature, extra−cellular matrix is continuously changing its own 
features, presenting anytime different signals to local cells, hence 
influencing their behavior and determining cell fate.  
 
4.4 Conclusions 
In this chapter, we have presented an innovative technique to inscribe 
patterns on azopolymers. Confocal microscopy is widely present in all 
the laboratories dealing with cells and it allows a tightly control of 
laser positioning and therefore pattern inscription. By using this 
instrumentation, complex and multiscale patterns can be imprinted on 
spin−coated supports in few seconds and they are stable for months.  
The potential uses of such structured substrates in science are many, 
from micro−fabrication to cell culture. As a matter of fact, patterned 
azopolymers proved to be efficient,  low cost and easy−to−fabricate 
masters in replica molding technique. Additionally, owing to their 
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biocompatibility, cell could be seeded on them without any additional 
treatments. 
Remarkably, we demonstrated for the first time that this patterning 
technique is perfectly adaptable for dynamic cell guidance 
experiments. Pattern could be imprinted several times on a cell 
populated azopolymer support, influencing cell response without 
compromising cell viability. 
Taken together these findings demonstrate that the proposed technique 
may have a great impact in many research fields. Above all, this study 
could pave the way to the use of new class of cell−instructive 
biomaterials that can present topographic signals on−demand hence 
allowing to investigate and unravel many processes involved in 
cell−topography interaction. In fact, this interaction has proved to be a 
key factor when designing a new material for tissue engineering. 
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Conclusions and Future Prospects 
 
The research described in this thesis aimed to introduce a new class of 
cell−instructive materials, designed to study cell response to dynamic 
topographic signals. 
Understanding cellular reaction to the external environment is a central 
aspect in tissue engineering and biomedical science. A growing 
number of works is emphasizing the high sensitivity that cells display 
towards the chemical and physical features of the substrate to which 
they are connected. In particular, substrates of defined topography 
have emerged as powerful tools in the investigation of the mechanisms 
involved in cell−material interaction. The limitation of many of the 
proposed substrates is their static form, which does not allow to induce 
a programmed change during cell culture. This physical stasis has 
limited the potential of topographic substrates to control cells in 
culture. For this reason a study on dynamic and reversible platforms 
was conducted, aiming to investigate cell behavior in a more 
biomimetic way and to overcome the limit of static systems. 
In Chapter 1 an overview of cell−material interaction, azopolymers 
and their biological applications is given. 
In Chapter 2 an effective technique to imprint and modify 
biocompatible topographic patterns on azopolymer coated glass, using 
conventional optical equipments, was presented. Patterned substrates 
in the forms of linear gratings (2.5 and 5.5 m pitch) or grid structure 
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(2.5  2.5 m) were inscribed on poly−Disperse Red 1−methacrylate 
(pDR1m) films. Such topographies proved to be effective in confining 
focal adhesion (FA) growth and cytoskeletal assembly. In fact 
NIH−3T3 fibroblasts were elongated and polarized in the direction of 
linear patterns and randomly oriented on flat controls and grid 
structures. Patterns could be easily erased and rewritten in dry 
conditions, whereas in a wet environment circularly polarized or 
incoherent light were able to alter pattern shape. In particular, 
incoherent and unpolarized light−mediated erasure proved to be a 
promising strategy for real−time experiments with living cells as 
microscopy set−up and illumination exposure time did not affect cell 
viability. In fact, we could irradiate a cell populated 2.5 m linear 
pattern with a mercury lamp, implemented in a confocal microscopy, 
erasing the pattern and changing the surface topography, while cells 
were still vital and migrated along the substrate. Therefore, the system 
we proposed had the potential to be employed for understanding cell 
behavior and possibly mechanotransduction events in a dynamic 
environment. 
In the field of cell−material interaction, cell elasticity is a fundamental 
parameter that reflects the state of a cell. Even though topographic 
cues proved to be a powerful tool to control different aspects of the cell 
behavior, the literature concerning the effects of topographies on cell 
mechanics is relatively scarce. In Chapter 3 we showed that 
micropatterned substrates strongly influence cell mechanical properties 
along the whole cell body, from peripheral regions up to the nuclei, 
apart from morphology, as shown in the previous chapter. In particular, 
we found that fibroblasts cultured on 2.5 and 5 m linear patterns 
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possessed significantly stiffer bodies and nuclei, in comparison to 
those cultured on isotropic flat controls or grid patterns (2.5  2.5 
grid). Since actin cytoskeleton is known to play a critical role in 
determining cell mechanical properties and is physically connected to 
cell nuclei we investigated cytoskeleton assemblies and nuclei 
morphology to gain a better insight into the material−cytoskelton 
crosstalk. Primarily, we found that the elastic properties of the cell 
body were directly proportional to those of cell nuclei. Moreover, a 
connection between cell nuclei mechanical proprieties and morphology 
was found. In fact, in comparison with cell nuclei on flat controls, cell 
nuclei on linear patterns showed an higher aspect ratio, a lower volume 
and stiffer values of Young’s moduli. In other words, highly elongated 
cells, as those on the 2.5 ȝm and 5 ȝm linear pattern, possessed oblong 
and smaller nuclei that were also the stiffest ones. Our work proved 
that topographic signals can be used as critical tools to control and 
direct mechanical properties of cells. This result may become useful in 
the development of new cell−instructive biomaterials for tissue 
engineering. 
In Chapter 4, we presented a new technique to inscribe patterns on 
azopolymers. Confocal microscopy is widely present in all the 
laboratories dealing with cells and it allows a tightly control of laser 
positioning and therefore pattern inscription. By using this 
instrumentation, complex, multiscale and stable patterns could be 
imprinted on spin−coated pDR1m films in few seconds. The potential 
use of such structured substrates in research is extended, from 
microfabrication to cell culture. As a matter of fact, patterned 
azopolymers proved to be efficient, low cost and easy−to−fabricate 
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masters in replica molding technique. Additionally, owing to their 
biocompatibility, they could be used as cell culture supports. 
Remarkably, we demonstrated for the first time that this patterning 
technique is perfectly adaptable for dynamic cell guidance 
experiments. Pattern could be imprinted several times on a cell 
populated azopolymer support, influencing cell response. Interestingly, 
cell viability was not influenced. 
Taken together these findings demonstrate that the proposed technique 
may have a great impact in many research fields. Above all, this study 
could pave the way to the use of a new class of cell−instructive 
biomaterials, on which topographic cues can be presented on−demand 
hence allowing to unravel many processes involved in dynamic 
cell−topography interaction.  
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Appendix 
 
Influence of Material Stiffness on Cell 
Mechanics 
 
Abstract. Mechanical properties of cells and extracellular matrix (ECM) 
play important roles in many biological processes including stem cell 
differentiation, tumor formation, and wound healing. Changes in stiffness of 
cells and ECM are often signs of changes in cell physiology or diseases in 
tissues. Hence, cell stiffness is an index to evaluate the status of cell cultures. 
Among the multitude of methods applied to measure the stiffness of cells and 
tissues, micro−indentation using an Atomic Force Microscope (AFM) 
provides a way to measure the stiffness of living cells. In this Appendix a 
study of cell mechanics on different stiffness substrates by AFM is reported. 
Polyacrylamide (PAA) gels were realized tuning their stiffness by varying the 
ratio between the acrylamide and the cross−linker bisacrylamide. Cells were 
seeded on these gels, then cell mechanical properties were measured and 
connected to each stiffness−tuned support. 
 
 
 
 
 
The work presented in this Appendix has been performed at the Biophysics 
Institute−University of Bremen, under the supervision of Prof. Manfred 
Radmacher.  
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The mechanical properties of the extracellular matrix (ECM) 
contribute to the regulation of many important cell processes that 
determine cell fate and function.1 Within the body, the stiffness of 
several cell microenvironments display high variation. In fact, between 
different tissues, extracellular matrix rigidity often varies over several 
orders of magnitude, e.g., brain (260–490 Pa), liver (640 Pa), kidney 
(2.5 kPa), skeletal muscle (12–100 kPa) and cartilage (950 kPa).2 
Moreover, local stiffness can vary strongly, giving rise to complex 
rigidity gradients that can span several orders of magnitude, such as 
those noted at interfacial tissues.3 For these reasons, the study of cell 
mechanics on materials with a wide range of stiffness values may have 
an important role for creating favorable conditions when designing 
new biomaterials and unravel cell processes throughout variation of 
local stiffness. 
In this work we studied cell mechanical properties in response to 
different stiffness substrates. The aim of the study was comparing the 
viscoelastic properties of cells spread on materials with elasticity 
modulus ranging from 200 to 40,000 Pa under the same biochemical 
conditions. Polyacrylamide (PAA) was chosen as a suitable material to 
carry out the experiments. This allowed us to tune the elastic properties 
by changing the concentration of monomer and/or cross−linker in the 
pre−polymer solution. In fact, by changing the concentration of 
bisacrylamide it was possible to realize gels with different elastic 
modulus values. PAA gels were covalently bound to amino−silanated 
cover glasses and used as cell culture support. Visco−elastic properties 
of NIH−3T3 fibroblasts, spread on PAA gels with different stiffness 
values were investigated by using an atomic force microscope (AFM). 
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In details, a MFP3D AFM (Asylum Research) was used to measure the 
topography and mechanical properties of cells. An optical microscope 
was combined to the AFM to be able to control tips and sample. Soft 
cantilevers (Bio−MLCT, Bruker, nominal spring constant 0.01 Nm−1) 
were used to investigate cell properties. 
As previously mentioned, PAA is a gel that permits to tune the 
stiffness values by adjusting monomer and cross−linker ratio. In this 
way the surface chemistry can be considered constant, while changing 
mechanical properties. The basic recipe used for gel realization is 
shown in Table 1. 
Chemicals Amounts 
Milli−Q water 7.87 ml 
40% Acrylamide 1.87 ml 
2% Bisacrylamide 200 μl 
10% APS 50 μl 
TEMED 5 μl 
 
Table 1. Chemical amounts used to realize PAA gels. With these 
concentrations the resulting gel had a stiffness of ~10 kPa. 
 
Glass cover slides were primarily treated with a silanization process in 
order to attach PAA gels covalently on them, as previously reported.3 
Such process consisted in incubating cover slides in a NaOH (sodium 
hydroxide) solution, followed by addition of 3−APTMS 
(N−[3−(Trimethoxysilyl)propyl]ethylenediamine). Glutaraldehyde was 
then used to cross−link the 3−APTMS on the glass slides and the PAA 
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gel. Force maps, by meaning of grid of multiple force curves, were 
executed on these gels as well as on the cells cultured on them. In 
details, mechanical properties of stiff and soft samples, in terms of 
Young’s moduli or elastic moduli (E) were estimated from each force 
curve within a force map. Evaluation was performed with the date 
analysis package IGOR (Wavemetrics). The Hertzian model was used 
to calculate Young’s modulus from every force curve. Elastic moduli 
of tuned−stiffness PAA gels are showed in Figure 1. 
 
 
Figure 1. Elastic moduli of PAA gel samples. Each marker represents the 
median value of all the elastic moduli extracted from each force curve within 
a force map. 
 
Such force maps were performed on cells cultured on PAA substrates 
as well and therefore an eventual relationship between elasticity of 
cells and gels was investigated. We found that cell mechanical 
properties (ECell) were directly related to substrate stiffness (EGel). In 
fact cell stiffness (or softness in this case) ranged between 200 Pa on 
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the softest gels and increased up to 3000 Pa, when the gel stiffness was 
10kPa or larger (Figure 2). Therefore, ECell followed a power law, i.e. 
it was proportional to EGel. 
For EGel values above 10kPa, ECell reached a kind of stable 
saturation, in this case cell stiffness values are comparable to those 
obtained for cell seeded on a typical cell culture stiff substrate (such us 
glass or polystyrene).  
 
 
Figure 2. Elastic moduli of cells versus elastic moduli of PAA gels. A 
positive dependency was found. Red circles indicate median values of elastic 
moduli extracted from each force map.  
 
Cell culture supports proved to influence largely cell behavior. In fact, 
Sunyer et al.4 found that cell spreading on hydrogels linearly depends 
on hydrogel stiffness. Other reports showed that cell morphology, 
adhesion and cytoskeleton structure are influenced by material 
stiffness.5, 6 Moreover, the actin cytoskeleton is known to play a central 
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role in determining mechanical properties of cells.7,8 Therefore, it is 
tempting to speculate that as there is a dependency between 
cytoskeleton organization and mechanical properties of substrates, cell 
mechanical properties show this direct dependency as well. 
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